Core-shell GaAs-based nanowires monolithically integrated on Si constitute a promising class of nanostructures that could enable light emitters for fast inter-and intrachip optical connections. We introduce and fabricate a novel coaxial GaAs/(In,Ga)As dot-in-a-well nanowire heterostructure to reach spontaneous emission in the Si transparent region, which is crucial for applications in Si photonics. Specifically, we achieve room temperature emission at 1.27 µm in the telecommunication O band. The presence of quantum dots in the heterostructure is evidenced by a structural analysis based on scanning transmission electron microscopy. The spontaneous emission of these nanowire structures is investigated by cathodoluminescence and photoluminescence spectroscopy. Thermal redistribution of charge carriers to larger quantum dots explains the long wavelength emission achieved at room temperature. Finally, in order to demonstrate the feasibility of the presented nanowire heterostructures as electrically driven light emitters monolithically integrated on Si, a light emitting diode is fabricated exhibiting room-temperature electroluminescence at 1.26 µm.
Introduction
InAs quantum dots (QDs) embedded in strain-reducing (In,Ga)As layers, so-called dot-in-a-well (DWELL) structures, have been established as suitable heterostructures to efficiently extend the emission range of the InAs/GaAs material system to the 1.3 µm spectral region. 1, 2 In particular, these structures have found application as the active region of optolectronics devices monolithically integrated on Si. 3, 4 However, the heteroepitaxy of III-As semiconductors on Si substrates for such applications is challenging and requires thick buffer layers between the Si substrate and the active region. Furthermore, advanced designs, such as the addition of layers acting as dislocation filter to reduce the density of threading dislocations and minimize their impact on the device performance, have to be employed. In the context of III-V integration on Si substrates, nanowires (NWs) have been recognized as a promising alternative approach. 5 The ability of NWs to accommodate large lattice-mismatches without introducing extended defects, thanks to the high surface-to-volume-ratio and small footprint on the substrate, 6 and the possibility to realize heterostructures in a core-shell geometry, 7 which provides a large active area in relation to the footprint of the NWs on the substrate, make these structures excellent candidates for the development of optolectronic devices such as laser or light emitting diodes (LEDs). [8] [9] [10] In this work, we demonstrate the growth of a coaxial GaAs/(In,Ga)As DWELL NW heterostructure, combining the NW geometry for integration on Si substrates with the DWELL heterostructure that enables to shift the emission to longer wavelengths. In fact, this novel heterostructure allows us to reach the transparent window of Si and, in particular, achieve room temperature operation in the telecommunication O band (1.26-1.36 µm), demonstrating a new functionality of a heterostructure integrating QDs with NWs. Hierarchical structures combining QDs and NW have so far been considered for specific applications such as single photon emitters 11 or opto-mechanical systems for sensing, 12 but not to extend the spectral range of light emission. To realize this novel structure, we had to overcome the fact that InAs QDs do not form on the {110} sidewall facets of GaAs NWs. 13 Thus, we exploited the recently demonstrated capability of Bi surfactants to promote QD formation on GaAs NW sidewalls. 14, 15 Normally, if InAs is deposited on GaAs{110} surfaces, including the {110} sidewall facets of self-seeded GaAs NWs, strain relaxes plastically before the Stranski-Krastanov transition from two-to threedimensional growth takes place. 16 The use of a Bi surfactant modifies surface energies, enabling the formation of InAs QDs to develop a coaxial DWELL structure.
In addition to a structural analysis based on scanning transmission electron microscopy (STEM), we present characterization of the optical emission properties of the DWELL NWs by cathodoluminescence (CL) and photoluminescence (PL) spectroscopy. Furthermore, in order to establish the feasibility of the presented heterostructures as electrically driven light emitters monolithically integrated on Si, we demonstrate room temperature operation of a DWELL NW LED with emission wavelength of 1.26 µm.
Results and discussion
All samples studied in this work were grown by molecular beam epitaxy (MBE) on Si(111) substrates. Scanning electron micrographs of a DWELL NW sample synthesized on a patterned Si(111) substrate are shown in Figure 1 . A cross-sectional schematic of the DWELL NW heterostructure is included. The coaxial DWELL heterostructure is grown around GaAs NWs with a diameter of about 100 nm and consists of an InAs QD shell embedded in an about 9 nm-thick In 0.15 Ga 0.85 As quantum well (QW) shell. A Bi flux was supplied during the deposition of InAs to promote QD formation. 14, 15 A 50 nm thick outer GaAs shell completes the confinement in the DWELL heterostructure. The total diameter of the DWELL NWs is approximately 220 nm. Microstructural characterization by STEM of a DWELL NW is presented in Figure 2 . A cross-sectional micrograph acquired using the scanning high-angle annular dark field (HAADF) mode 17 is shown in Figure 2a . In this imaging mode the contrast is mainly determined by the atomic number Z (Z-contrast). The NW exhibits a hexagonal cross-section defined by {110} side facets and the coaxial active region is clearly visible in the HAADF micrograph. An enlarged false-color micrograph of the facet indicated by the dashed box in Figure 2a is presented in Figure 2b to illustrate the presence of QDs in the DWELL heterostructure. The yellow areas indicate higher HAADF intensity, corresponding to a locally enhanced In composition within the projected volume, which can be attributed to the QDs.
A quantitative analysis is presented in the lower part of Figure 2 . HAADF intensity (I HAADF ) profiles taken for two different facets highlighted in Figure 2a are depicted in Figures 2c and 2d , respectively. In Figure 2c (blue profile), the I HAADF level for the DWELL active region is almost constant, which we attribute to an (In,Ga)As QW segment where QDs are not present/detected. In contrast, in Figure 2d (magenta profile) the I HAADF profile shows higher intensity spots (indicated by black arrows) within the DWELL active region, that correspond to the extended yellow areas in Figure 2b . As introduced above, we attribute these local variations in I HAADF to InAs QDs present in the DWELL heterostructure. The slope in the I HAADF profile in Figure 2d arises from a small gradient in the thickness/tilt of the TEM NWspecimen. The In content profile obtained for this facet of interest is presented in Figure 2e . The estimated In distribution is obtained from the analysis of the noise-corrected HAADF intensity profile (corresponding to the area highlighted in Figure 2c ) following the procedure reported in Ref. [18] . In brief, the method relies on the dependence of the HAADF contrast R = I InGaAs(x) /I GaAs on the In content x 18,19 after correcting for specimen thickness variations and assuming γ = 1.7 in I HAADF ∝ Z γ . The suitability of γ = 1.7 is determined from measurements on planar reference samples of known composition. The estimated In content in the QDs lies in the range x= 17-27%. We should note that the In content that we estimate is averaged over the specimen thickness and that the reported values should be thus taken as lower bounds. Hence, the true In content associated to the QDs is probably higher. The determination of the actual In content and distribution within the QDs, as well as their precise shape, would require additional advanced microstructural characterization beyond the scope of this work. A low temperature CL spectrum is displayed in Figure 3a . The spectrum corresponds to the averaged emission of the area presented in Figures 3b and 3c , containing about 30 NWs, and is dominated by a broad band centered at 1.1 eV (1.13 µm). At higher energy, there is a second band of lower intensity peaking at 1.35 eV (0.92 µm). We attribute this high energy band to transitions in the (In,Ga)As QW and the low energy band to transitions in (In,Ga)As QDs embedded in the QW, as discussed in more detail further below. The broad energy distribution of the low energy band reflects the variations of dimensions and composition of the QDs. Monochromatic CL maps collected at the peak energies 1.345 eV and 1.088 eV are presented in Figure 3b and Figure 3c , respectively. The CL map in Figure 3b shows that the high energy emission originates from an approximately 350 nm long segment close to the top of the NWs, that we assign to a wurtzite (WZ) (In,Ga)As coaxial QW segment, as we have recently reported for similar structures without QDs. 21 The formation of a WZ segment on top of zincblende (ZB) GaAs NWs during core growth is related to the consumption of the Ga droplets prior to shell growth. The CL map in Figure 3c shows that the low energy emission originates from spatially localized states distributed along the NWs, consistent with its attribution to QD states. A more detailed analysis of the CL data reveals that the QW emission from the ZB region is very weak, pointing to an efficient carrier transfer to the QDs. Interestingly, we observe no overlap between the WZ QW segment and the areas with localized QD emission. This suggests that QDs do not form in the WZ segments of the NWs. In Figures 3b and 3c , no CL signal is detected from the parasitic layers grown on the substrate, as expected for the polycrystalline material deposited on the amorphous oxide layer.
An additional hyperspectral CL linescan acquired for a single DWELL NW is presented in Figure 3d , which further corroborates the attribution of the low energy emission band to QDs. Spatially localized sharp spectral features assigned to the recombination in the QDs are present along the NW. These emission lines are elongated along the NW axis, which can be explained by diffusion of carriers excited by the electron beam to the QDs. It is important to note that the limited spectral range of the Si detector used to record the linescan (cut-off at ≈ 1060 nm) does not allow us to investigate the broad low energy emission band of the DWELL NWs; and the QDs revealed in this CL linescan only correspond to the smaller ones in the NW.
The bottom part of Figure 3 presents low temperature PL spectra of as-grown DWELL NWs. In these experiments, only 2-3 NWs are excited simultaneously. Sharp spectral features are revealed at low excitation power density (Figure 3e ), similar to the transitions observed for InAs QDs on GaAs NW facets. 22 In addition, we investigate the spontaneous emission of the DWELL NWs by PL spectroscopy as a function of temperature from 10 to 300 K in Figure 4 . In these experiments, around 60-70 NWs are excited simultaneously. The temperature-dependent PL spectra are presented in Figure 4a . Again, we observe the two different emission bands seen in the CL spectrum (Figure 3a) , with a high energy component (1.35 eV at 10 K) attributed to QW transitions and a low energy component (1.10 eV at 10 K) attributed to QD transitions. At room temperature, the emission is dominated by the low energy QD component. The evolution with temperature of the peak emission energy and full width at half maximum (FWHM) for the QD band are presented in Figures 4b and 4c , respectively. With increasing temperature, the emission energy shows a strong redshift to 0.97 eV at 300 K. We should note that the observed redshift is about 20 meV larger than that expected for a random In 0.385 Ga 0.615 As bulk alloy with the same peak emission at low temperature, 23 as presented by the solid line in Figure 4b . Simultaneously, the FWHM is reduced from 162 meV at 10 K to 104 meV at 300 K. At room temperature, the peak emission wavelength of these DWELL NWs is 1.27 µm, thus reaching the O band (1.26-1.36 µm) used for data communication. Figure 4d shows that the PL intensity I PL integrated over the full spectral range decreases with increasing temperature by about two orders of magnitude. We analyze this variation with a simple phenomenological model with two non-radiative channels for charge carriers:
. T is the temperature, k is the Boltzmann constant, and I 0 is a constant.
The non-radiative channels are described by the prefactors a 1 and a 2 and activation energies E 1 and E 2 , respectively. A fit of the experimental data results in the activation energies E 1 = 44 ± 5 meV and E 2 = 188 ± 37 meV. These activation energies should be considered as an average description over all NWs in the ensemble. Interestingly, these values are similar to the activation energies (E 1 = 34 meV and E 2 = 262 meV) reported for a planar InAs/(In,Ga)As DWELL structure with (001) orientation. 24 Furthermore, the activation energy of the first channel E 1 = 44 ± 5 meV is similar to one of the decay channels reported for (In,Ga)As/GaAs NWs with shell QW. 25 The activation energy of the second channel E 2 = 188 ± 37 meV is comparable to the energy difference between the QW and QD bands observed in the low temperature PL spectra (≈ 250 meV) and, therefore, points to the thermal escape of carriers from the QDs to the QW. This finding along with the narrowing and the strong redshift of the emissionas well as the fact that the thermal quenching is moderate compared to four orders of magnitude intensity reduction observed for standard (In,Ga)As/GaAs shell QW NWs without any QDs, 25 suggest a thermal redistribution of charge carriers in the QDs of the DWELL heterostructure.
This mechanism is sketched in Figures 4e and 4f and it is well established for planar DWELL heterostructures. 24 At low temperature (Figure 4e ), the charge carriers populate QD levels, as well as the QW levels (predominantly in the WZ segment in our case, due to the efficient carrier transfer in the ZB NW) and recombine mostly radiatively, thus contributing to the broad PL spectrum. With increasing thermal energy (Figure 4f ), charge carriers can escape shallow energy levels of smaller QDs and undergo non-radiative recombination, as observed by the quenching of the PL intensity above 160 K, or are recaptured in larger QDs with deeper energy levels, which manifests itself in the narrowing and redshift of the emission. The deeper confinement in larger QDs provides protection from non-radiative recombination centres and explains the enhanced room temperature emission as well as the longer emission wavelength.
The presented optical characterization evidences that the emission range of the coaxial DWELL NWs lies in the Si transparent window. In order to demonstrate the feasibility of the presented DWELL NWs as electrically driven light emitters on a Si platform, we fabricated LEDs from self-assembled ensembles of DWELL NWs with a radial p-i-n junction. GaAs NW based LEDs on Si substrates operating in the near infrared region have already been demonstrated by different research groups. 8, 9, 26, 27 An emission wavelength of 985 nm has been demonstrated for a coaxial multishell (In,Ga)As/GaAs NW LED, 27 and a nanoneedle LED with a similar (In,Ga)As/GaAs QW active region reached 1.13 µm, 28 which constitutes the longest wavelength of electroluminescence (EL) demonstrated for GaAs-based NW-like structures. For the present study, the LED multishell structure grown around an approximately 100 nm thick Be doped p-type GaAs NW core consists of a 10 nm thick undoped GaAs shell, a coaxial DWELL heterostructure, a 10 nm thick undoped GaAs shell, and an outer 50 nm thick n-type GaAs shell, which was doped with Si in an approach established previously. 29 The schematic cross section of the LED structure is shown as an inset in Figure 5b . The total diameter of the LED NWs is approximately 260 nm. Figure 5a , revealing rectifying behavior of the fabricated device. Nevertheless, we observe an exponential increase of the current at negative bias beyond −2 V in the reverse region of the I-V curve, which is probably caused by defect-supported intraband tunneling. The analysis of the forward region of the I-V curve using the standard diode equation gives an ideality factor n = 15.2, a series resistance R S = 16.9 Ω and a saturation current I S = 8.40×10 -7 A. High ideality factors have been previously reported for core-shell NW LEDs 9 and, in addition to the turn-on voltage of about 2.5 V (larger than the GaAs bandgap), suggest that the actual device consists of more than one diode in series, as a result of additional barriers in the device. One additional barrier could be present at the interface between the Si substrate and the NWs. A limited incorporation of dopants in the initial stages of NW growth, as well as a possible indiffusion of Si atoms into the NW from the substrate, could result in a doping level too low to obtain a good contact to the p-type substrate. The thin native oxide layer and possible structural defects at the interface may also contribute. An additional barrier could be located in the top contact between the top transparent layer made of indium tin oxide (ITO) and the n-type GaAs outer shell of the NWs. 30 The study of the interfaces described above and optimization of the dimensions and doping profiles of the doped sections of the radial p-i-n junction in our devices are necessary to improve the electrical performance of the LEDs. In addition, the use of patterned substrates should lead to more homogeneous NW arrays and better isolation of the p-i-n junction from the substrate.
The EL spectrum of one DWELL NW LED measured at room temperature at an injected current of 19 mA is presented in Figure 5b . The emission band peaks at 1.26 µm, consistent with the previously presented characterization of undoped structures. This result demonstrates the room temperature operation of electrically driven light emitters on Si in the telecommunication O band (1.26 -1.36 µm). Furthermore, it represents an extension of the emission wavelength by approximately 270 nm compared to previous coaxial (In,Ga)As/GaAs QW NW LEDs 27 and by approximately 130 nm compared to GaAs based nanoneedle LEDs. 28 Optically excited, monolithically on Si integrated light sources based on GaAs NWs or related structures have been demonstrated up to 1.1 µm using GaAs-[(In,Ga)As/(Al,Ga)As] core−shell NWs with multiple (In,Ga)As QWs 31 and up to 1.44 µm using (In,Ga)As NWs. 32 More recently, the tunability of the GaAs bandgap up to 1.42 µm has been demonstrated exploiting strain partitioning in NWs. 33 LEDs operating in the telecommunication S band (1.46 -1.53 µm) have been demonstrated for InP based nanopillars on Si with radial (In,Ga)As shell QW. 34 Nanoneedle/nanopillar structures resemble
NWs, but they typically exhibit base diameters in the micrometer range and are characterized by a tapered geometry, which has been demonstrated to sustain helicoidal guided photonic modes. 35 The DWELL NW heterostructure introduced here is grown around a GaAs NW core with diameter of about 100 nm and presents a smaller footprint on the substrate. This characteristic could be beneficial for the integration on photonic elements such as Si waveguides [36] [37] [38] and offers greater design flexibility to tune the total diameter by simply modifying the thicknesses of the GaAs shells, which would enable the tailoring of leaky or guided modes for specific applications.
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Conclusion
In conclusion, we have presented novel GaAs/(In,Ga)As DWELL NW heterostructures grown on Si substrates as sources for infrared light emission in the Si transparent spectral window. Microstructural characterization by STEM illustrates the presence of QDs in the DWELL heterostructure; and spectral widths below 1 meV, as observed in low temperature PL measurements, reveal the QD nature of the emission. Carrier redistribution to larger QDs in the structure by thermal escape and recapture explains the strong redshift of the emission with temperature and allows us to reach long wavelength emission at room temperature, similarly to planar DWELL structures. We have demonstrated room temperature operation of DWELL NW LEDs on Si at 1.26 µm; thus establishing the application of GaAs-based NWs for monolithically integrated electrically driven optoelectronics on a Si platform. These results illustrate the potential of heterostructures combining QDs and the NW geometry and push the electroluminescence from GaAs-based NWs into the spectral region relevant for integrated optical interconnectors and data communication, opening up new perspectives for Si photonics integration.
Methods
Growth -The samples were grown by solid-source MBE on Si(111) substrates. The MBE system is equipped with In, Al, Bi and two Ga effusion cells, Be and Si effusion cells for dopants and two valved cracker sources for supply of As 2 . Fluxes are calibrated and expressed in the following in terms of equivalent growth rate on a GaAs (001) surface in monolayers per second (ML/s). An optical pyrometer was used for measuring the substrate temperature.
DWELL NWs were grown on p-type (B doped) Si(111) substrates covered with a 20 nm thick thermal oxide mask patterned by electron beam lithography (EBL). Before loading into the MBE system, patterned substrates were etched with a 1% HF solution and treated in boiling water for 10 minutes. 40 Ga was deposited on the substrate for 70 s at 0.3 ML/s GaAs equivalent growth rate to form Ga droplets on the surface and GaAs NWs were then grown by the self-catalyzed vapor-liquid-solid (VLS) method at 630 ᵒC with a Ga flux of 0.3 ML/s and V/III ratio of 3.9 for 30 minutes. Then, the Ga flux was closed and the Ga droplets atop of the NWs were consumed by crystallization to GaAs under a 4 ML/s As 2 flux at the growth temperature of 630 ᵒC. Subsequently, the DWELL structure, which consists of a 2 nm thick In 0.15 Ga 0.85 As shell, a 0.3 nm (2 ML) thick InAs quantum dot (QD) shell and a 7 nm thick In 0.15 Ga 0.85 As shell, was grown as active region around the GaAs NW core at 420 ᵒC, a growth rate of 0.2 ML/s and a V/III flux ratio of 20. Growth parameters were chosen to limit adatom diffusion in order to obtain homogeneous shells. 27 Samples were rotated at 6 revolutions per minute during growth and, due to the inclination of the MBE sources (33.5°), NW sidewall growth rates are about 0.21 times the planar growth rate. A Bi flux at a beam equivalent pressure of 1.3×10 -6 mbar was supplied during InAs deposition in order to promote QD formation. 14,15 A 50 nm thick undoped GaAs shell grown under the same conditions completes the structure in order to provide carrier confinement in the DWELL region.
The DWELL NW sample for LED fabrication was grown on a 2 inch p-type (B doped) Si(111) wafer covered with its native oxide. Ga was deposited on the substrate for 30 s at 1.3 ML/s GaAs equivalent growth rate followed by a 60 s flux interruption to form Ga droplets on the surface. Be-doped GaAs NWs were grown at 645 ᵒC with a Ga flux of 0.3 ML/s and V/III ratio of 2.4 for 30 minutes by the VLS method. Doping of the NWs was achieved by simultaneous supply of Be during VLS growth. The Be flux was adjusted to avoid morphological changes in the NWs. 41 Next, after consumption of the Ga droplets under a 4 ML/s As 2 flux, shells were grown around the NW core at 420 ᵒC, a growth rate of 0.2 ML/s and a V/III flux ratio of 20. The active region of the DWELL heterostructure structure consists of a 2 nm thick In 0.15 Ga 0.85 As shell, a 2 ML InAs QD shell and a 7 nm thick In 0.15 Ga 0.85 As shell. The outer 50 nm thick GaAs shell was Si doped by simultaneous supply of Si during shell growth for n-type conductivity.
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Transmission electron microscopy -STEM images were obtained with a JEM-2100F system operating at 200 kV equipped with a HAADF detector for Z-contrast imaging conditions. The plan-view TEM specimen preparation was performed by a two-step procedure adapted from the procedure previously reported for NWs longer than 1 µm. 18, 42 First, the NWs were mechanically stabilized on the original substrate using a solution of epoxy Gatan G1 (Gatan) in acetone over the sample. Gatan G1 is very effective in filling out the interwire space and is stable under electron-beam irradiation. 42 In the second step, the NW samples were thinned, from the back-side only, using standard methods of grinding, dimpling, and Argon ion milling until electron transparency was reached. This method provides large thin plan-view sections with a large number of NWs (>200), although it is important to note that the observed features are strongly dependent on the QD area probed by the electron beam, i.e. on how the QDs are "cut" during the thinning process, like in any investigation of QD structures using TEM (cf. planar layers).
Estimations of the In distribution profile are based on the analysis of the HAADF STEM intensity following the procedure in Ref. [18] . The noise of the annular dark-field detector was determined by averaging the intensity I vac of the vacuum region around the NW, imaged under identical conditions as the NW. The noise I vac was then substracted from all measured intensities including at the NW position. HAADF intensity profiles from the noisecorrected micrographs were determined by integrating across areas with about 10 nm width perpendicular to the QW. The determination of the composition using HAADF is based on the dependence of the contrast R, defined as the HAADF intensity of (In,Ga)As, I InGaAs , divided by that of GaAs, I GaAs on the In content, x. Thickness variations of the TEM specimen led to strongly varying HAADF intensity distributions in the GaAs reference region which hinders the unambiguous determination of I GaAs and do not arise from a change in composition. 18 In order to compensate for variations in specimen thickness, the GaAs intensity profile was fitted by a polynomial function of 5 th order, to estimate GaAs intensity at every single position in the area scan. The measured, noise-corrected intensities were then divided by thickness-corrected I GaAs yielding the measured contrast R, defined as where Z i (i = Ga, As, In) is the atomic number and the factor γ is determined from the analysis of reference planar layers of known composition. In the present case, the In content is estimated assuming γ = 1.7. Indium contents assuming γ = 1.8 are about 5% lower than those obtained using γ = 1.7. These values are within the experimental error of the technique, which is about 15%. Indium contents are obtained with an accuracy of ±2.5%.
Cathodoluminescence -CL measurements were performed using a Gatan MonoCL4 system mounted to a Zeiss Ultra55 field-emission scanning electron microscope equipped with a He-cooled sample stage operated at 10 K. The luminescence is collected using a parabolic mirror, passed through a grating monochromator and detected using a liquid N 2 -cooled, infrared-optimized photomultiplier (InP/(In,Ga)As photocathode. Hyperspectral CL linescans were acquired using a Si CCD with a cut-off at about 1060 nm.
Photoluminescence -PL measurements were performed in a continuous-flow He cryostat using either a Ti:Sapphire or He:Ne laser for excitation focused onto the sample by either a 10× or 50× microscope objective. The PL signal was collected by the same microscope objective, dispersed with a monochromator equipped with a 750 lines/mm grating and detected with a liquid N 2 -cooled (In,Ga)As detector array with a cut-off at ≈1.6 µm.
LED processing -LEDs were processed from a DWELL NW sample grown on a p-type Si wafer following our previous work. 27 The p-type GaAs:Be core of our LED structure provides a direct electrical contact to the substrate.
NWs were embedded in benzocyclobutene (BCB) for electrical isolation. The BCB layer was etched down to approximately 1.5 µm by reactive ion etching (RIE) (CF 4 /O 2 ) and the NW tips were contacted with sputtered indium tin oxide (ITO). Devices of different size were patterned in the ITO layer by optical lithography and inductively coupled plasma reactive ion etching (ICP-RIE) (BCl 3 /Cl 2 ). Back-side Ni/Au and top cross-hair Ti/Au contacts were deposited to improve the electrical contact. Finally, processed samples were mounted and wire bonded in chip carriers.
Electroluminescence -LEDs were driven under continuous bias and the EL signal was collected by a lens, dispersed with a monochromator equipped with a 150 lines/mm grating, and detected by a liquid N 2 -cooled (In,Ga)As array detector with cutoff at about 1.6 µm. The current-voltage characteristics of the investigated devices was recorded using a semiconductor analyzer.
